Abstract Mesoscale eddies, energetic vortices covering nearly a third of the ocean surface at any one time, modulate the spatial and temporal evolution of the mixed layer. We present a global analysis of concurrent satellite observations of mesoscale eddies with hydrographic profiles by autonomous Argo floats, revealing rich geographic and seasonal variability in the influence of eddies on mixed layer depth. Anticyclones deepen the mixed layer depth, whereas cyclones thin it, with the magnitude of these eddy-induced mixed layer depth anomalies being largest in winter. Eddy-centric composite averages reveal that the largest anomalies occur at the eddy center and decrease with distance from the center. Furthermore, the extent to which eddies modulate mixed layer depth is linearly related to the sea surface height amplitude of the eddies. Finally, large eddy-mediated mixed layer depth anomalies are more common in anticyclones when compared to cyclones. We present candidate mechanisms for this observed asymmetry.
Introduction
The near-surface mixed layer is the conduit by which the atmosphere influences the ocean interior, and conversely, the ocean modulates fluxes into the atmosphere. In addition, primary production in the ocean is modulated by fluxes of nutrients and phytoplankton through the base of the mixed layer and the availability of light (Dawson et al., 2018; Frenger et al., 2018; Song et al., 2018) . The fact that mesoscale eddies modulate the spatial and temporal evolution of the mixed layer has been known for decades (e.g., Klein et al., 1998) . Targeted surveys have shown that the mixed layer depth (MLD) is deeper in anticyclonic eddies and shallower in cyclonic eddies (Dewar & Flierl, 1987; Joyce et al., 1981; Schmitt & Olson, 1985; Scott & Wang, 2005; The Ring Group, 1981; Vastano et al., 1980; Williams, 1988) . More recently, a focused field study of eddies originating from the Leeuwin Current documented O(100 m) MLD anomalies associated with these coherent vortices (Waite et al., 2007) .
With the advent of automated eddy identification and detection methods, coupled with hydrographic profiles collected from the global Argo float network, recent analysis has shown that the influence of eddies on MLD is ubiquitous and varies seasonally, with the largest eddy-induced MLD anomalies observed during the winter (Dufois et al., 2014 (Dufois et al., , 2016 Gaube et al., 2013; Hausmann et al., 2017) . In the Southern Ocean, the magnitude of eddy-induced MLD anomalies is largest in regions dominated by large energetic eddies (Hausmann et al., 2017) . Furthermore, the work of Hausmann et al. (2017) revealed that the magnitude of eddy-mediated MLD perturbations were largest at the center of Southern Ocean eddies and decayed toward the eddy periphery. In the Southern Ocean this eddy-mediated MLD variability has been shown to generate enhanced iron flux in anticyclonic eddies (Song et al., 2018 ) that leads to elevated near-surface chlorophyll during the austral summer (Dawson et al., 2018; Frenger et al., 2018; Song et al., 2018) . Using a global eddy-resolving simulation,
The location of the eddy center is defined as the centroid of all points within the eddy. Eddy amplitude is computed as the difference between the magnitude of the extremum SLA value and the average of SLA over the pixels that define the outer perimeter of the eddy, hereafter called edge pixels. Rotational velocity, used to estimate eddy radius, is defined as the maximum geostrophic velocity computed along the edge pixels during all iterations of the "eddy growing" method. The SLA contour along which the maximum rotational velocity occurs defines the speed core of the eddy. The radius of a circle with area equal to that of the speed core defines the speed-based eddy radius L s .
MLD estimates are derived from hydrographic profiles collected by the autonomous Argo float array (Holte et al., 2017) . We use the density-based algorithm for MLD described in Holte and Talley (2009) . The location of each individual Argo float profile was collocated with the nearest eddy center. The distance from the eddy center was normalized by the eddy radius L s . Profiles within the distance r ≤ L s from the eddy center were considered to be inside of the eddy. In the supporting information we show that the results presented here are not particularly sensitive to the choice of criteria used to estimate MLD.
Anomalies of the MLD (MLD ′ ) at a given location (x, y) and time t are defined as
where MLD is the climatological MLD value at location x, y and month m. Positive MLD ′ are defined here as deeper MLD than climatology. We use the Holte et al. (2017) climatological MLD that is produced by binning all MLD observations into 1 ∘ bins and computing the mean for each calendar month. It is important to note that the climatological MLD also includes measurements made inside of eddies. Therefore, any net influence of eddies on the mean MLD is included in the climatology. This generates significant changes in the average mixed layer, as shown by Hausmann et al. (2017) where they were able to conclude that eddies in the Southern Ocean deepen the average MLD by as much as 15 m. To test the effects of using a MLD climatology that includes eddies on the investigation presented here, we also compute climatologies using just profiles outside of eddies and compare to the seasonal evolution of the Holte et al. (2017) climatology in section 4.
To identify MLD within eddies for the global maps shown in section 3, we bin all observations of MLD occurring within a radial distance of L s from the eddy center onto a global grid with horizontal spacing of 5 ∘ in longitude and 5 ∘ in latitude. Radial averages of MLD and MLD ′ presented in section 5 were constructed by first normalizing the radial distance of the profile location by the radius L s and then subsequently computing bin averages with radial spacing of 0.3L s . 
Regional Variability of Eddy Influence on MLD
Detailed analysis of the seasonal and radial variability of MLD was conducted in four regions that were selected because they represent both boundary currents and areas of the open ocean that are characterized by both small and large magnitude MLD ′ (see boxes in Figure 1 ). Globally, anticyclonic eddies deepen the MLD, resulting in positive MLD ′ in nearly all regions, while cyclones shoal the mixed layer, generating negative MLD ′ ( Figure 1 ). Large-amplitude MLD ′ are observed in the Southern Ocean along the Antarctic Circumpolar Current, as previously reported by Hausmann et al. (2017) ; in the North Atlantic (NA), in the eastern reaches of the Gulf Stream, the Greenland Sea, the Norwegian Sea, and the Barents Sea; and in the Brazil Malvinas Confluence; and the Agulhas Retroflection. These regions are all characterized by a very energetic mesoscale eddy field (see contours in Figure 1a ), suggesting a robust relationship between the amplitude of eddies and the magnitude of their influence on MLD ′ . Along the equator, mesoscale ocean eddies are not identified in the SLA observations. In the near-equatorial regions, eddies are observed but are of small amplitude (see contours in Figure 1 ), thus resulting in small perturbations of MLD (see section 5).
Seasonal Variability of Eddy Influence on MLD

Maps of MLD
′ computed separately in winter and summer indicate that eddy-induced MLD ′ are larger in winter ( Figures 1a and 1b ) when compared to the summer (Figures 1c and 1d) , which is consistent with previous regional investigations (Dufois et al., 2014; Gaube et al., 2013; Hausmann et al., 2017) . To quantify the seasonal variability of MLD both within and outside of eddies, we constructed climatologies by fitting the seasonal cycle and its first harmonic to the observations in each of the regions indicated by the boxes in Figure 1 .
During the boreal winter (January-February), MLD is at a maximum in both the NA and North Pacific (NP) with MLD in anticyclones reaching average depths of 170 m in the NA and 145 m in the NP (Figures 2a and  2b ). During the boreal summer (June-July), the MLD shoals to average depths < 20 m and eddy-induced perturbations are no longer detectable. Following these minima, MLD deepens throughout the boreal fall in both of these regions at a gradual rate of ∼ 10 m/month. This deepening is accelerated with the onset of winter, and differences between MLD within and outside of eddies become statistically significant again starting in November in the NP and January in the NA.
In the South Pacific (SP) differences in MLD between cyclones and anticyclones are only significant in September and October (Figure 2c ). In the south Indian Ocean (SI), the MLD in cyclones can only be distinguished from the background during June through August (Figure 2d ). MLD in anticyclones is significantly deeper than outside of eddies in May thorough September. In the Indian Ocean sector of the Southern Ocean (SO), MLD is deeper within anticyclones from July through December (Figure 2e ). Cyclones in the Indian Ocean sector of the SO analyzed here significantly shoal the MLD from the background values from August to November. 
The Structure of MLD ′ in Eddies
To investigate the spatial structure of winter MLD in eddies, we computed radial averages separately for each of the regions shown in Figure 1 and globally (Figure 3) . Generally, the largest MLD perturbations occur near the center of eddies. In all regions MLD in anticyclones and cyclones are significantly different from each other throughout the eddy interiors (r ≤ L s ), with the exception of the SI where MLD is not significantly different between eddies of either polarity in the region 0 ≥ r < 0.2L s (Figure 3d ). Globally, MLD perturbations are larger in anticyclones when compared to cyclones.
Similar trends are evident in a global analysis. Positive (negative) MLD ′ ( Figure 4a ) and deeper (shallower) MLD (Figure 4b ) tend to be associated with anticyclones and cyclones (red and blue lines, respectively). However, these tendencies are not exclusive; the distributions illustrate that anticyclones sometimes shallow the mixed layer, whereas cyclones sometimes deepen it. Ratios of the distributions reveal asymmetries in the response: anticyclones account for a larger share of positive MLD ′ and deep MLDs than cyclones do for negative MLD ′ and shallow MLD (Figures 4c and 4d) .
The difference in MLD between anticyclones and cyclones ( Δ MLD ) is largest in the SO, NA, and NP (Figures 3a,  3b , and 3e). These are regions of relatively large eddy amplitude (see contours in Figure 1a ), suggesting that 
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MLD ′ scales with eddy amplitude. Binning of wintertime MLD ′ as a function of eddy amplitude reveals a nearly linear relationship ( Figure 5 ). For anticyclones, this relationship is slightly steeper than 100:1, whereas for cyclones, this slope is slightly less steep.
Discussion and Conclusions
Mesoscale eddies modulate surface MLD globally. The magnitude of eddy-induced MLD anomalies is largest during the winter (Figure 2 ) in regions of large eddy amplitude (Figure 1 ). On average, MLD is deeper in anticyclones compared to cyclones. These differences may result from eddy effects on convective mixing associated with positive/negative SST anomalies generally observed in anticyclones/cyclones (i.e., Hausmann & Czaja, 2012; Gaube et al., 2015) . In regions where the air temperature is lower than the SST, surface heat loss is expected to be higher in anticyclones and lower in cyclones, resulting in enhanced convection in anticyclones and suppressed convection in cyclones. This mechanism was first presented by Williams (1988) to explain observed differences in MLD in a pair of counter-rotating eddies in the NA. Identical twin experiments in cyclones and anticyclones confirmed that this differential heat flux could produce MLD anomalies similar in magnitude to those observed.
Globally, MLD
′ in anticyclones are larger in magnitude when compared with cyclones. This asymmetry has been observed before in the SO (Hausmann et al., 2017 ) and the SI (Dufois et al., 2014; Gaube et al., 2013) . Another possible mechanism that could result in this observed asymmetry is related to enhanced current shear at the base of the mixed layer in anticyclonic eddies. In a shipboard acoustic Doppler current profiler survey of a large anticyclone in the NA, Ledwell et al. (2008) reported enhanced shear at a depth of ≈ 40 m near the center of the eddy. Following the survey of this anticyclone, Greenan (2008) deployed a profiling acoustic velocity sensor on a drifting mooring which recorded enhanced shear events at the base of the mixed layer. Enhanced shear events observed by the profiling sensor revealed that such phenomena are complex and vary over time and as a function of distance from eddy center. Enhanced shear in anticyclones might result from the trapping of inertial gravity waves resulting from the modification of the effective planetary vorticity by the eddy. Kunze (1986) observed enhanced near-inertial motions associated with vertically propagating inertial gravity waves in the core of a warm-core Gulf Stream ring. These enhanced near-inertial motions observed by Kunze (1986) , however, occur well below the surface mixed layer in a depth range of 300-500 m. Near the surface, inertial oscillations of passive Lagrangian surface drifters, which are drogued at 15 m and thus move with near-surface currents, have also been observed to be enhanced in anticyclones (Elipot et al., 2010) .
As a result of the asymmetry in eddy effects on MLD, on average, eddies deepen mixed layers. The magnitude of this net deepening of MLD by eddies is expected to be largest in regions of large-amplitude eddies and deep winter mixing, as was shown by Hausmann et al. (2017) in the SO. This integrated effect needs to be included, or parameterized, in ocean models in order to correctly reproduce eddy effects on near-surface mixing and biogeochemical cycling (e.g., Harrison et al., 2018) .
These mesoscale MLD anomalies may modulate biogeochemical cycling via numerous mechanisms. For example, the average incident photosynthetically active radiation in mixed layers of anticyclones would be lower than that of cyclones of the same SLA amplitude as a result of the exponential decay of light with depth. Deeper MLDs may result from enhanced mixing, which can lead to enhanced nutrient fluxes in regions where the nutricline is collocated with the base of the mixed layer. Adding to these "bottom-up" controls on production, mesoscale modulation of mixing in anticyclones could act to decouple grazers and phytoplankton by reducing encounter rates as a result of dilution (Behrenfeld, 2010; Behrenfeld & Boss, 2014) . The relationship between eddy amplitude and MLD could be used as a basis for parameterizing the effects of mesoscale eddies on MLD and biogeochemical cycling (e.g., Harrison et al., 2018) .
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Radially averaged M LD estimated from the DT method tend to be larger in cyclones within a radial distance of L s (Fig. S1 ). Radially averaged M LD estimated from the DT method tends to be larger in cyclones within a radial distance of L s (Fig. S1) ) eddies (Fig. R1) . Additionally, the magnitude of the M LD during March through June are slightly larger when using the Faghmous eddies (visible as the difference between the red/blue lines and the black line in Fig. R1 ).
The differences resulting from choice of eddy data set are small compared to the variability discussed in the manuscript. It is, however, important to note that larger differences might be expected using eddies derived from methods that use products derived from sea surface height.
Data Set S1. A single NetCDF file containing the following fields:
• latitude 
